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ON THE STRUCTURE OF PHOSPHORUS COMPOUNDS
R. Wolf

Phosphorus possesses fifteen electrons, only

five of which are chemically active. This

number, however, 1s sufficient to enable it

to become the cornerstone for a great many

structures -- some of them useless, and some
of them much too useful.

The living things and inanimate objects of the tangible world
may seem to be subject to infiinite variety; in fact, however, cen-
turies of experimentation and analysis have led to the recognition
that they have basic structural elements in common: atoms. By
chemlcal analysis of any type of substance it 1s possible to des
tect no mere than approximately one hundred well-defined chemical
elements. The world's infinite variety, therefore, arises from
the infinite possibilities for combining these elements.

Chemistry is that science which combines elements with each
other in order to form molecular or ionic structures (synthesis),
which analyzes reactional mechanisms, and which determilnes the

spatial structure (stereochemlstry) and properties of compounds.

Crganic chemistry, in 1ts original sense, was directed spe-
cifically toward study of the molecules comprising living things
at a time when these were belleved to differ from molecules pre=
pared in the laboratory. However, since this was found to be an
artificial limitation,this science today deals with all effective-

ly realizable molecular structures, basically using carbon (C),

¥ Numbers in the margin indicate pagination in the foreign text,
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hydrogen (H), oxygen (0) and nitrogen (N) atoms.

The organic chemistry of phosphorus only adds a further
element to the above partners.

Its methods differ little from those of traditional organic
chemistry, and like the latter it has benefited from tremendous
advances in synthesis and separation methods, in molecular struc-—
ture determination, and in theoretical concepts leading to a bet-

ter understanding of chemical reactivity.

Today separation of products is accomplished by techniques
(vapor phase or thin film chromatography) which make 1t possible
to perform studies using very small amounts of matter.

Using spectroscopic methods, which are based on the interac-~
tion of electromagnetic radiation (light) with matter, 1t 1is
literally possible to "read" which atoms are bonded to each other
and how this struecture, in turn, 1s linked to the molecular skele-
ton. With the aid of infrared spectrography, only a few minutes
are required to determine whether a compound contains a phosphorus-
hydrogen bond, and this result can be confirmed within an hour
by means of the nuclear magnetic resonance method., TFormerly the
same information was obtained by correlating a series of chemical
reactions, and weeks or months would elapse before definite re-
sults were obtailned.

The chemistry of phosphorus has benefited considerably from
advances in knowledge on the complex nature of chemical bonding.
The research being performed in this area, which is of tremendous /5
importance, follows three basic lines of lnquiry:

-- fundamental knowledge of the chemical propertles of phos-

phorus,



J
-- development of directly usable organophosphorus compounds
(insecticides, nonflammable materials, drugs, etc.),

~- study cf phosphorus derivatives of blological interest,

Three Paths of Research

To judge by the number of publicaticns which appear, there
are throughout the world about 3,000 researchers daily amassing
new information on this type of chemlstry. Among the concerns of
thls scientific community are: the relative probability of the
exlstence of a molecule, the spatial distributlon of charge den-
sitles, and the energy and exchange mechanisms of these bonds,
This necessary aspect of basic knowledge on the properties of it
these molecules 1s perhaps less a primary concern among research-—
ers seeking direct applications.

Thus, organic phosphorus compounds play a large part in com-
bating parasites, from microorganisms to rodents. Here the objec-
tive is to discover organophosphorus derivatives with certain well-
defined properties. The vulnerability exhibited by insects
toward these productsy however, alsoc occurs in man, and the
chemical warfare arsenal is well stocked with organsdphosphorus
compounds which have been termed "insecticides for humans."

Here a fundamental difflculty arises. We know that knowledge
gives power; but the latter is open to use in any direction. The
field of research discussed here 1llustrates this ambiguity.

Although this field is subject to direct use, however, i1ts
discoveries &ften remain confidentizl, protected by industrial or
military secrecy. To gilve an 1dea of the vast area covered by
this secrecy, 1t need only be noted that on the average 5,000 pro-



ducts must be synthesized and tested to obtain a commercial in-
secticide and that there are about a hundred derivatives actually

in use,

In another connection, some idea of the importance of the
other path of research can be obtained if phosphorus is seen as
one of the five elements on which the very origins of life depend.
Biochemists attempting to determine the conditions under which
the blological processes might have 1nitially begun use as thelr
point of departure a system contalnlng at least five molecules:
hydrogen (Hz), water (HEO)’ ammonia (NH3), methane (CHM) and
phosphorie acid (H3P04).

In effect, when a human keing moves, for example, blushes,
or struggles internally against microbial infeétion, organic phos-
phorus derivatives operate at all levels in the cellular machinery.
Thus at the end of the day a human being has eliminated 1.5 grams
of phosphorus which must be replenished by food: a 8lice of liver
will supply a great deal of phosphorus, and an apple, very little.
These derivatives serve an irreplaceable function in all living
organlisms.

Numerous abbreviations are used in biochemistry which fail
to reveal the presence of phosphoric or pyrophospheric ester
functions 1in scme part of the designated molecule. Bomeklmes the
presence of these functions is explicit in the deslgnation used,
as for example in adencsine triphesphate (ATP), which participates
in the synthesis of all organic compounds and in muscular contrac-
tion, or again, in cyclic adenosine monophosphate (cyclic AMP),
which is active in all regulatory phenomena. But phosphoric es-
ters are also the basic or discrete constituents of many other
indispensable biologlcal structures without actually appearing in
their designations. They form an Important part of ADN, for
example, while on the other hand there is only one atom of phos-



phorus in the 180 comprising vitamin Blz,

Although work on these compounds continues, it may be noted
that laboratories specilalizing in research on phosphoric esters
of biological interest have relatively little contact with chem-
ists specilalizing in phosphorus who are dealing with the synthe-
sis of new molecules to détérmine their structure and propertles.

The question remains, what types of information have been
obtained in more than a century of activity in the field of or-
ganophosphorus compounds? First, 1t may be estimated that several
hundred thousand different molecules have been synthesized and
studied in various aspects, and the mass of experiments performed,
with the addition of some brilliant insights, have permitted a coher--
ent classification of tremendous amounts of experimental data.

A virtual mathematics of electrons exlsts which is both rigorous
and consistent. Thus almost all the molecules which have been
syntheslzed, following strict structural laws, could be predicted
before their discovery. In fact, in certain areas of chemistry
mathematiclans have already determined all the molecules which can
be created from a given number of carbon and hgdrogen atoms. Their
synthesis may be attempted if desired; this mayunbkcan extremely
long and difficult process, but drawings of the complicated mole-
clile which will be created will have already been published.

To conclude this introduction 1t may be stated that chemical
structure can be understood and apprecilated only with an accom-
panying knowledge -- even if it is cursory -- of the structural
laws which we will now attempt to set forth.



Structural Principles

In a given molecular structure phosphorus may be surrounded
by one to six atoms as direct neighbors. Because of this fact
it 1s possible to supply a convenlent and relatively non-artificial
classification. In fact, using dhcnmr system adjusted for sen-
sitivity to phosphorus it is possible to count the numbher of
neilghboring atoms surrounding this atom solely by reading the lo-~
cation of an absorption peak. It should be mentioned that the
known compounds are very unequally distributed among these six
categories (Fig. 1). Currently configurations of three, four
and five atoms are clearly predominant (these are termed 3, 4 and
5 coordinations), and it is therefore appropriate to discuss them
first. It should be emphasized that only 25 years ago, the 1, 2,
5 and 6 coordinations were unknown in the organic chemistry of
phosphorus.

The events which occur in the molecule when various preducts
are mixed will therefore be described. /ﬁ

Phosphorus is one of the elements bearing an atomic number of
15, meaning that it possesses 15 electrons (negative charges which
gravitate around a nucleus complementarily charged with positive
electricity). Strangely, these electrons are subject to a closure
principle which makes two of them, and then eight of them, chemi-
cally inert. Thus there are only five electrons remaining which
play a role in the formation of bonds between atoms. These elec-
trons are distributed in atomic¢ orbitals which are preferential
paths defined by energetic aspects and also, to a lesser degree,
by geometric aspects. The flve electrons follow two types of or-
pitals and can be subdivided intoc a 3 + 2 electron system. Other
atoms such as nltrogen (N) and arsenic (As) have the same peri-
pheral structure containing five electrons, termed valence elec-
trons, and there are striking simllarities among these elements.



These structural analogies are of conslderable interest in re-
search toward new organophosphorus compounds.

What happens if one attempts to create the simplest concelv-
able phosphorus molecule, that is, the molecule restlting from a
bond between a hydrogen and a phosphorus atom? The hydrogen atom
possesses only a single electron which follows a well-defined
atomic orbital.

Schematically, when the hydrogen atom approaches the phosphor-
ous atom, the path of the hydrogen atom -- which we will designate
by H -~ converges with that of a phosphorus electron to form what
1s termed a molecular orbital, and the presence of an electron
pair on this new path will result in a bonding force between the
two atoms. In this instance, the structure H :5.,.commonly writ-
ten H-P, is formed (the hyphen denoting the paif of bonded elec-
trons). This structure does exlst, but only under very exception-
al conditions (high temperatures, electrical discharge in an ap-
propriatelgaseous mixture, etc.). It can be seen that in order to
obtain a stable molecule, the three external phosphorus electrons
with the same energy must be used simultaneously, and as a result,
the simplest accessible molecule 1s H3P; hydroegen phosphide, in
which a doublet of phosphorus electrons 1s not used. This com-

pound is a toxic gas with a highly unpleasant odor.

This first structural principle, the placing of two electrons
in parity, may already serve as a basis on which to predict al karge
large number of possible molecules. In fact, any atom or group of
atoms with an available peripheral electron may make three bonds
with a phosphorus atom, resulting in a compound of the general

type XBP'



1. Nombre trés approximatif -

1 miilion

de dérivés connus (1972)

108

104

103

102

2 3 4 5 6

2. Nombre d'atomes directement liés au phosphore

Fig. 1. In one molecule, a phosphorus atom may be directly

bonded to
shows the
which the
Currently
known are

one, two, etc., up to six atoms. The diagram
current number of known phosphorus compounds in
atoms possess one, two...or six direct neighbors.
the most numerous organophosphorus compounds
those whose phosphorus atoms have three, four

and five direct neighbors.

Key: 1. Number of known derivatives, highly approximate
(1972).
2. Number of atoms directly bonded to phesphorus.



If the bond phosphorus 1s able to make with methane (CHu) is
considered, for example, it can be seen that the structure CHB'
is capable of performing the same function as hydrogen, and one

can therefore construct:
then ' 7
and CH;

These three derivatives, which are termed methyl phosplnes, were
among the very first organic phosphorus compounds to be synthe-
slzed.

With these three derivatives one may subseguently use any
one of a thousand configurations to remove a hydrogen atom H

from the —CH3 group to replace it with another CH3 , making it
poasible to obtain:

CHs; — CH»

Ny

i cte. 2
2N /8
CH, H

méthyl ethyl phosphine



H

, o L P +  CH,CH,0H
CHCHON ., . CHaCHzo\P._
P . —_
CHCH07 OH - H” NH
o Triethyl phosphite -~ .
A .._n.":* s e
CH4CH,0 %P_.
N\
CH4CH,0 OCH,CH, CHae _
® P+ CHCH,0H
H CH CHy
C—H
H-" % \
TR O . CH4CH,0 CHZCH,0
H/ inen () 3 El AN . 3 2 ~

Fig., 2. Numerous derivatiwesoff phosphine PH, (a), %trimethyl phos-
phine (b) and ethyl alcohol CH,CH,OH can be fgrmallz conceived.

The radicals -H, —CHB, and -0C 20ﬁ3 are in fact chemically replace-~
able.

Triethyl phosphite (1) is an important derivative since it is used
as a point of departure for a large number of syntheses. (2) has
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existed only since 1970, while (3) is yet to be discovered. De-
reivative (4) has been named phosphonite, and (5), phospinite; the
difficulties involved in naming the products discovered, as well
as in writing their formulas, are obvious.

The chemist must continually use increasingly concilse formulas
to designate a single molecule; here triethyl phosphite 1s writ-
ten in three equivalent ways.

Sti1ll more complex operations may be performed by theorizing
that two atoms of a single molecule are able to bond to each other
actually within the structure. Phosphoérinane, for example, is ob-
tained by formation of a six-atom cycle:

CH; — CHs

CHg/ N P

VRN
\CHz — CHsy H :
By formally producing a reaction between any of these deriva-

tives and ordinary alcohol, with the formula CH3-CH

'

2—OH, a large

variety of compounds can further be constructed. (Fig. 2).

Thus there is little difficulty in imagining the tremendous
number of melecules which may be formed by the thousands of radi-
cals offered by organic chemlistry. If there are 10,000 derivas
tives in this series of tricovalent phosphorus compounds (which
will be designated by PIII
vast number of possibillifies. In practice, however, dffficulties

), these are only the beginning of a

will frequently be encountered 1in dealing with the simplest de-
rivatives, even if their preparation should be possible according
to the mathematical aspects of the electrons.

Twe points should be emphasized 1n regard to those compounds
where phosphorus has three neighboring atoms:

* The process of removal of a hydrogen atom and 1ts replace-
ment by a radical is a convehleht means of describing possible

operations, but in actuality it 1s seldom possible to prepare

11



these compounds by means of this process; the chemist's Job 1s
therefore to find the best route among the large number of known
reactions.

# The geometry of molecules containing a tricovalent phos-
phorus compound is known in many cases; the three bonds cannot
be and are never distributed within a plane (that is, they are
not coplanar). Their directions are intermediate between those of
the three edges radiating from the corner of a cube and the llnes
emanating from the center of a regular tetrahedron. Several pos-

sible explanations have been offered for this geometry (Fig. 3).

¥ When two phosphorus derivatives are spontaneously mlxed at
ordinary temperatures, the substituents of the phosphorus will
pass from one molecule o the other, and this exchange of radicals
is governed by principles involving the respective stabilities of
the derivatives, their statistical distributions, and an
energy barrier which must be crossed for the reaction to take n.

rlace.

Introduction of a Fourth Neighboring Atom

A1l tricovalent phosphorus compounds possess as a common char-
acteristicsa doublet of free electrons, or in other words, a reac-

tion peotential which can be brought into play by twoe mechanisms:

(a) by bond formation between atoms which share four elec-
trons, each of them supplying twe (Fig. 4),

(b) by bond formation using two electrons in which phosphorus

I1T

P supplies the sole necessary electron pair.

On this basis one c¢an envislon the possibility of successive-
ly introducing a fourth neighbor -- carbon, niltrogen, oxy-

12



Fig. 3. Approximate orientations of the bonds around a phosphorus
atom with three neightoring atoms. The orientations are inter-
mediate between those of the three edges radiating from the corner
of a cube and theilines emanating from the center of a regular
tetrahedron. One possible explanation for this geometry is that
the atomie orbital electron paths of the phosphorus ccnverge to
result in the geometry observed (hybridization); another is that
the bonds and the electron palr repulse each other to produce the
observed shape. When the three néighboring atoms around P are
different, the mirror image of (a), that is, (b), cannot be super-
imposed on (a). The two compounds do exlst; they are iselable,
and they are currently the subject of active research. The same
phenomenon will be observed for phosphorus compounds with four,
five or six neighboring atoms, where the molecule-object/molecule-
image pair will not be superimposable.

Key: 1. Mirror.

gen, etec. -~ into phosphorus PIII.

Introduction of anhitrogen radical, for example, makes it

possible to obtain the molecule:
CHjs _
~N o |
CHs ; P = NH phosphine imine
CH:! . L

i3



from which one can derive com- . CHy

_ 4 N . :
pounds with the general formula ‘ //Pl\ o+ 1 CH,
B SN . CH
R:)?-= N}, which have the | 3 CHy
T . ‘ ./ L
general property of bonding among : Trimethy! phosphine Carbéne
themselves to form eyeles. Thou- !
sands of cycles of this type ’
exist, -
CH4
If cyecles of all sizes ; "-mx\_CHE:;P?=CH2
exist, llnear chains are also : CH;

possible given that (§>ﬂ?=?®m
with » being as high as 15,000, Fig. 4. Stable chemiecal struc-—
tures such as trimethyl phosphine
cr unstable structures such as
selected, the polymers obtained carbene, each with an electron
doublet available, would be
capable of combining to produce
as the ability to remaln flex- a known molecule. This molecule
would simultahecusly possess
phosphorus-carbon bonds contain-
tures as low as -80°C. Thus %ng two)(PECE ) or four electrons
P::CH -

57+

When the radical R is properly
possess unusual properties such
ible and elastic at tempera-

the insulating encasing of
elegtrical wlres 1In a devlice in use at the South Pole gives some
indication of the chemistry of phosphorus.

In practice, the fourth bond arocund a PIII phosphorus atom is
most often made using the avallable doublet of certain atoms such
as oxygen (0), sulfur (S) or selenium (Se)} (Fig. 5).

Blologically active molecules are basically phosphoric,esteré
with the approximate composition: (CH30H203)P = 03 1t 1= perhaps
not surprising to learn that there are structural similarities
between these biloclogical phosphorlc esters and the tremendously

active products used 1In chemical warfare.

14



_QHa\ | (CHa)oN
CHy—P==0 (CHN —P=0
CH, (CHg) N

CHyCH,0 ,

CH,CH,O —P=8 |
CH4CH,0

Fig. 5. These four molecules in which phosphorus is sur-
rounded by four atoms which are directly bonded to 1t

are representative of tens of thousands of analogous
molecules. Triethyl phosphate, shaded in gray, is com-
parable to blologically active phosphoric esters,

A very large number of pesticides wilth unusual names belong
%8 this family of phosphorus compounds: nemaphos, nogos, para-
thion, methepa, thiothepa, diazinon, and a hundred others. Their
effects range from paralysis to sterilization of insects. The
toxicity of fhese derivatlives to man 1s far from negldgeable, and,
on the other hand, a large number of these pesticides are the
systemié type (that is, they penetrate into the sap of plants).
Frequently the operation of testing for the possible presence of
these products in food is performed at the expense of the daphne;
the mortality of a colony of these waker fleas makes it possible
to detect, for example, 0.1 mg of toxle product in a kilogram of

grapes.

Unusual Coordinations

Passage frdm tricoordinated derivatives (PIII) to penta-
coordlnated derivatives (PV) can now be consldered without intro-

ducing new concepts.

15



A1l phosphorus molecules with five neighboring atoms resulty.
at least formally, frdm the combination of two molecules, each of
which is often stable in i1tself. The existence of such pairs has
led to the promising concept of hypermolecules. Ever:since the
first PV organophosphorus structure was known, the geometry of
such molecules has been problematic. This is now known to be a
trigonal bipyramid (Fig. 7). In this model, the bonds using three
of the five neighboring atoms form angles of 120°, with these
atoms determining an equatorial plane; the fourth and fifth atoms
are located above and below this plane in the "apical" or "axial"
positions.

Let us howwshift our consideration from compounds in which
phosphorus is surrounded by three, four or five neighboring
atoms to the field of 1, 2 and 6 coordinations, which are much
more unusual at the present timne.

CHaCHaD\ e OCH,CH;3 CHQCHQO\ /OCHQCHa :
@ N o+ Al ——>  CHCH0—P
/N RN
CH.CH,0 OCH,CH3 & CCH-CH; CH,CH,0 OCH,CH,. |
’ |
I
CHa CH,
NS : N\ .F
® P + o — CH;—P .
VAN F S “F
CH, CHj CH,

Fig. 6. Two fragments of molecules, each carryin% an
an electron, may separate the free doublet of a PILI,
and the result, after the formation of two bonds each
containing an electron pair, is a compound 1n which
phosphorus has five neighboring atoms. Triethyl phos-
phite is capable of reactlng with two ethoxy groups,
OC.H_. (a) This excellent experiment, which uses
etﬁy% peroxlde Et0+0Et, cut by the effect of light
following a dotted pattern, was puzzling to a great
many chemists who expected a different outcome.

(b} Theoretically any molecule, divided into two parts
at a simple bond with the two electrons shared, may be
added to a tricovalent phosphorus derivative,

16



a ]
F . F FC FC
’ b‘ N (CH3)2
@ | ®
CHame )
O : CHy~—
H | TN @ ~CHs
. \ / .« CH, A \
[ CH - 7 -
y::::;:::N’ 8 gp?/ \\\ CH,
e (le /N Q""'-CH/
oL 7 7 CH, ?

CH,

Fig. 7. (a) The geometry of the (CH,).,F,P molecule is that of a
trigonal Bipyramid. The atoms whicﬁ gré directly bonded te phos-
phorus are not randomly located 1n the sftructure; here, the
fluorine (F) atoms preferentially occupy the axial positions.

(b) When the molecule receives an excitation energy the substitu-
ents may trade positions and enter a different distribution on the
same trigonal bipyramild without breaking their bonds with P.

(¢) These molecules are in equilibrium with each other; the circled
hydrogen H has no bonding preference between phosphorus and nitro-
gen. Phosphorus here vacillates between five heighboring atoms
(trigonal bipyramidal geometry) and three neighboring atoms (tetra-
hedral geometry). This i1s the phenomenon of tautomerism.

17
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The chemistry of nitrogen has permitted the discovefy of a
new possibllity for phosphorus bonding. A well-known (and ex%
tremely dangerous) derlvative of nitrogen 1s hydrocyanic acid,
H-C=N., Thorough knowledge of the mathematics of electrons has
suggested that nitrogen might be replaced by a phosphorus aftom,
and the analogous phosphide of hydrocyanic acid does actually
exist. It 1s not easily accessible, however, and the synthesis
of HCEP can be carried out only under exceptional conditions.

The existence of this derivative indicates that phosphorus my
well use three electrons to form a single bond; this situatlon,
which frequently occurs with nitrogen, i1s exceptional for phos-
phorus. The nitrogen molecule N=N is stable {this is the state
in which nitrogen occurs in the air); on the other hand, if P=P
exists 1t does so only toward 800°C. So far very little 1s known
about such compounds, in which phosphorus uses three electrons to
form a single bond, but the faet that such bonding is at all pos-
sible offers considerable promise.

Elements are currently known which make it possible to
theorize the existence of molecules in which phosphorus is sur-
rounded by two atoms. The priority principle, according to which
three phosphorus electrons may be used independently, immediatéldy
offers a satisfactory pattern of 2 electrons + 1 electron to form
two bonds, one with two electron palirs and the other with a single
pair. Here again a very large number of nitrogen derlvatives are
known in which nitrogen is surrounded by two atoms sharing three
glectron palrs. The possible analogy with phosphorus and arsenic
makes it possible to conceive of compounds of the same type for
these tWwe elements; the first derivatives were produced about ten
years ago (Fig. 8). It now remalns to consider the formation of
s1x bonds by a phosphorus atom.

When a phosphorus atom has used its five electrons to form

18



bonds one may assume that it ls therefore no longer reactlve. In
reality, however, the phosphorus atom will tolerate greater exter-
nal electron packing. In fact, not only will 1t easily form
derivatives in which 1t is surrounded by five electron pairs, but
is will also form a sixth bond with a partner capable of provid-
ing it with a pair of available electrons (Fig. 9).

1 I 2 ‘ 3 4
Z 7
\N \\\\\Ae

Fig. 8. For some time a molecule similar to benzene (1) has been
known in which a -CH= group is replaced by a nitrogen atom; this
is pyridine (2). The possible analogy with phosphorus and arsenic
has made it possible to predict compounds 3 and 4, whose prepara-
tion has been extremely problematic; this was not accomplished
until 1971.

The series of molecules shown in the f¥gure is extremely interest-
ing from a theoretical standpoint. Theoretical chemists, who have
greatly increased our understanding of the nature of chemiéal
bondidng, are beginning to undertake complex quantum mechanical
calculations using compufters. This effort is an unusual in the
sense that it is an attempt to produce a unitary mathematical rep-
resentation of a glven molecule from which it will be possible to
determine all its observable properties & priori.

At a time when bicolegy and data processing are considered to
be of more current interest, chemistry, although less publicized,
nevertheless remalns an active and inexhaustible source of knowl-
edge. The structures it forms follow rules as strict as those of
a game of chess.

One should not fail to recognize, however, that achieve-
ments in the chemistry of organophosphorus compounds havelbeen

19
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questionable from a moral standpoint. This problem, which harks
back to the production of metal for agricultural tools and

is undeniably a difficult one; but it is my belief, after K,
Lorentz, that mankind may reach a stage of evolution at which ag—
gression, although formerly useful, will dissipate for lack of
purpose,

p— +  F~Nat ——> Nat

Fig. 9. The phosphorus atom is capable of forming up to six bonds
within a molecule. :

For example, trimethyl phosphine (CH3)3P gives a well-defined com-
pound with phosphor pentafluorilde PF5. In this molecule (Fig. 9a),
one phosphorus atom is surrounded by~ four atoms and the second by
six; the geometry of the atoms surrounding the latter is octa-
hedral.

Electrically charged bodies such as anilons may carry the electron
doublet necessary for the formation of a sixth bond with phosphor-
us (Fig. 9b).

20
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